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Abstract: Adenosine deaminase acting on RNA (ADAR) enzymes convert adenosine (A) 
to inosine (I) in double-stranded (ds) RNAs. Since Inosine is read as Guanosine, the 
biological consequence of ADAR enzyme activity is an A/G conversion within RNA 
molecules. A-to-I editing events can occur on both coding and non-coding RNAs, 
including microRNAs (miRNAs), which are small regulatory RNAs of ~20–23 nucleotides 
that regulate several cell processes by annealing to target mRNAs and inhibiting their 
translation. Both miRNA precursors and mature miRNAs undergo A-to-I RNA editing, 
affecting the miRNA maturation process and activity. ADARs can also edit 3' UTR of 
mRNAs, further increasing the interplay between mRNA targets and miRNAs. In this 
review, we provide a general overview of the ADAR enzymes and their mechanisms of 
action as well as miRNA processing and function. We then review the more recent findings 
about the impact of ADAR-mediated activity on the miRNA pathway in terms of 
biogenesis, target recognition, and gene expression regulation. 
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1. Introduction  
Protein-coding genes account for approximately 1% of the mammalian genome and 70%–90% of 
the rest can be transcribed but not translated [1]. Therefore, a large part of the human transcriptome 
consists of non-coding RNA sequences, (i.e., UTRs, introns of protein-coding genes and non-coding 
RNAs, such as transfer RNAs (tRNAs), ribosomal RNAs (rRNAs), microRNAs (miRNAs), small 
interfering RNAs (siRNAs), piwi-interacting RNAs (piRNAs), long non-coding RNAs (lncRNAs), 
small nuclear RNAs (snRNAs), and small nucleolar RNAs (snoRNAs)). Both protein-coding and  
non-coding RNAs undergo several post-transcriptional modifications, which (partially) account for the 
complexity of both the transcriptome and proteome that characterizes the high level of gene regulation 
in higher eukaryotes [2]. Among these post-transcriptional mechanisms, RNA editing is an ubiquitous 
and crucial modification event that alters RNA molecules by nucleotide modification bypassing the 
genomic information [3,4]. There are different types of RNA editing [3], but the best characterized and 
frequent editing event in higher eukaryotes involves the conversion of adenosine (A) to inosine (I) in 
double-stranded RNA (dsRNA) regions through the action of the Adenosine Deaminase Acting on 
RNA (ADAR) enzymes [4–6].  
Computational analysis combined with next generation sequencing (NGS) has recently been used to 
identify A-to-I RNA editing sites [7–10]. Reverse transcriptase recognizes Inosine as Guanosine. 
Therefore, an A-to-I RNA editing site can be identified when a cDNA sequence and the corresponding 
genomic DNA (gDNA) sequence are aligned. Surprisingly, several editing sites were found in  
non-coding regions of the human transcriptome (~15,000 sites, mapped in ~2000 different genes) and 
most of them are clustered within inversely oriented repetitive Alu elements (~90%). On the basis of 
this analysis, it is predicted that >85% of pre-mRNAs are possibly edited, with the vast majority being 
targeted in introns (~90%) and UTRs [10].  
As Inosine is interpreted as Guanosine by splicing and translational machineries, A-to-I editing can 
change the informational content of the RNA coding molecules by altering splicing and translation 
processes. Moreover, Inosine has different base-pairing properties compared to Adenosine and differs 
from Guanosine by the loss of the N2 amino group (due to the ADAR deamination event), which 
accounts for the less strong interaction with Cytosine (two H-bound instead of three). Thus, A-to-I 
RNA editing has the potential to alter RNA structure by introducing bulges/mismatches or creating 
different base pairs (for examples, A-U base pairs can change into I:U mismatches in dsRNAs). The 
final picture is that ADARs can alter splicing, translation, and the dsRNA structure. It was originally 
thought that the main function of ADAR enzymes was their re-coding capacity. However, A-to-I 
editing most frequently targets non-coding sequences [9,11,12] and, recently, numerous interactions 
between ADARs and miRNA/siRNA pathways [13] have been discovered, which suggests a role of 
ADARs and A-to-I editing in RNA-mediated regulation of gene expression. In this review, we first 
provide a general overview of the ADAR enzymes and their mechanisms of action. We then focus on 
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the miRNA pathway and the effects of ADAR-mediated modifications on the biogenesis and functions 
of miRNAs. 
2. ADAR Family 
ADAR-mediated A-to-I RNA editing converts A to I by hydrolytic deamination of adenine bases. 
Three ADARs (ADAR1, ADAR2, and ADAR3) are present in vertebrates (Figure 1). ADARs contain 
a highly conserved catalytic deaminase domain (DM) at their C-terminal. Crystallography structure of 
the DM showed that the surface of this domain contains a positively-charged cleft for the binding of 
negatively-charged dsRNA and that it catalyses the hydrolytic deamination of Adenosine via a 
catalytic zinc ion [14]. Moreover, an inositol hexakisphosphate (IP6) was found buried within the 
enzyme core that contributes to the protein fold [14]. A nucleotide “flip-out” mechanism is necessary 
to force the targeted Adenosine into the catalytic pocket in the correct orientation for the deamination 
reaction [15]. 
The second key domain of all ADAR enzymes is the dsRNA-binding domain (dsRBD) at the  
N-terminus. Each dsRBD (three for ADAR1 and two for ADAR2-3) has an α-β-β-β-α topology 
consisting of approximately 70 amino acids, with the two α helices packing against a three-stranded  
anti-parallel β-sheets. Multiple dsRBDs are thought to act synergistically, which, as a consequence, 
increases both the affinity and specificity for dsRNA targets [16]. 
At the N-terminus, ADAR1 carries a Z-DNA binding domains (Zα plus Zβ) that suggests its 
localization at highly transcribed DNA sites. Moreover, as these domains can also bind Z-RNA, 
ADAR1 is also able to localize to underwound dsRNAs in RNA virus [17,18].  
Figure 1. Structure of ADAR family proteins: ADAR1, ADAR2, and ADAR3. The ADAR 
enzymes contain a C-terminal conserved catalytic deaminase domain (DM), two or three 
dsRBDs in the N-terminal portion. ADAR1 full-length protein also contains a N-terminal 
Zα domain with a nuclear export signal (NES) and a Zβ domain, while ADAR3 has a  
R-domain. A nuclear localization signal is also indicated. 
 
2.1. ADAR1 
The ADAR1 human gene is located on the long arm of chromosome 1 (1q21.3) spanning  
~30Kbp [19]. The protein was discovered to exist in two isoforms of different size, i.e., the interferon 
(IFN-α, -β, and -γ)-inducible long (ADAR1L, 150 KDa) and the constitutive short (ADAR1S,  
110 KDa) isoform, which result from the use of alternative start codons and promoters [20]. While 
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ADAR1S promoter is constitutively active, IFN can induce ADAR1L, suggesting a role in the cellular 
response to stress factors such as viral infections [21]. In addition to the finding of regulatory elements 
within the IFN-inducible ADAR1 promoter, recent studies revealed distinct tissue-specific expression 
features for different ADAR1 transcripts [22]. Both transcripts contain three dsRBDs but the  
N-terminus of ADAR1L has several domains that are absent in ADAR1S, including an  
arginine-glycine-enriched domain (RG domain) and a nuclear export signal (NES) within the Zα 
domain. Thus, ADAR1L is found both in the cytoplasm and nucleus since it also has a 
nuclear/nucleolar localization signal (NLS/NoLS) [23]. Consequently, the intracellular distribution of 
the various ADAR1 isoforms is determined by the export/import regulatory proteins available in a cell. 
On the contrary, ADAR1S localizes mainly to the nucleus since it carries only the NLS/NoLS signal. 
However, it has been shown that ADAR1S can also localize to the cytoplasm thanks to the cooperative 
action of all three dsRBDs, with dsRNAs able to interact with exportin-5 [24]. 
The small ubiquitin-like modifier 1 (SUMO-1) binds ADAR1 at lysine 418, decreasing the editing 
activity of the enzyme [25]. ADAR enzymes can form homo- and hetero-dimers and dimerization is 
essential for their editing activity [26,27]. Several studies have shown that ADAR1 (and ADAR2) can 
work as homodimer, whereas other investigations have demonstrated that also heterodimers can be 
formed, which may be necessary for the ADARs to act as active deaminases [27–29]. Other  
ADAR-interacting proteins include the nuclear factor 90 (NF90) proteins [30], the protein-kinase 
RNA-activated protein (PKR) [31], the adenovirus-associated (VAI) RNA [32], and the Vaccinia virus 
E3L protein [33].  
2.2. ADAR2 
The ADAR2 human gene is located on the long arm of chromosome 21 (21q22.3), spanning  
~153 Kbp [34]. The promoter that directs ADAR2 expression has not been functionally characterized, 
although a putative promoter region upstream of a newly identified exon was described for both the 
human and the mouse Adar2 gene [35]. This promoter includes a TATA box sequence and the 
consensus binding sites for the Nuclear factor kappa-light-chain-enhancer of activated B cells (Nf-κB) 
and for the Specificity Protein 1 (SP1) [35]. While it has to be established whether ADAR2 possesses 
multiple promoters to produce multiple transcripts like ADAR1, the regulatory mechanism(s) driving 
the transcriptional control of ADAR2 in a tissue- and cell type-specific fashion have been partially 
unveiled. Indeed, it was shown that cAMP response element-binding (CREB) can indirectly induce 
ADAR2 expression [36]. More recently, Yang et al. [37] demonstrated that JNK1 serves as a crucial 
component in mediating glucose-responsive up-regulation of ADAR2 expression in pancreatic β-cells, 
suggesting that the JNK1 pathway may be functionally linked to the nutrient-sensing actions of 
ADAR2-mediated RNA editing in professional secretory cells. 
ADAR2 N-terminus has an arginine-enriched domain (R-domain) (similar to that identified in the 
ADAR3 protein, Figure 1) that contains a NLS [35,38], while an extra NLS is located before the first 
dsRBD [35,39]. Consequently, ADAR2 localizes into the cell nuclei thanks to the action of importin 
α1, α4, and α5 [39].  
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ADAR2 can form homodimers and heterodimers with ADAR1 [27–29]. ADAR2 dimerization 
seems to be essential for editing activity, although it is not clear whether the interaction is or not 
dsRNA-mediated [27,40,41]. 
2.3. ADAR3 
The ADAR3 human gene is located on the short arm of chromosome 10 (10p15) in proximity of the 
telomere [42]. Although ADAR3 has conserved all the key catalytic residues of the ADAR family 
members, no deaminase activity has been found for this enzyme so far [43]. All the editing sites have 
been, thus, attributed to ADAR1 and 2 activity. ADAR3 protein carries two dsRBDs and, additionally, 
an R-domain that binds single-stranded RNAs (ssRNAs) [43,44], suggesting that both ss- and dsRNAs 
can be bound by the enzyme. ADAR3 is localized in the nucleus of the cell and interacts with the 
importin α1 through the R-motif [35].  
Differently from the ubiquitously expressed ADAR1 and 2, ADAR3 is expressed at detectable 
levels only in certain post-mitotic cells in the central nervous system (CNS) [43]. Furthermore, 
ADAR3 remains in the monomeric form, which may explain the lack of editing activity, at least in  
part [28]. Thus, ADAR3 function is unknown so far, although its ability to bind both ss- and dsRNAs 
would suggest a regulatory activity over ADAR1 and 2. Indeed, ADAR3 can compete for dsRNA 
substrates preventing the binding of the other ADAR enzymes [43,45]. 
3. ADAR Substrates 
Any dsRNAs of ≥20 bp can be an ADAR substrate [6]. ADAR substrates were originally identified 
by chance, comparing cDNAs to their genomic counterparts and finding editing events as a mixture of 
A/G instead of A only. Different editing sites have been identified over the years, particularly in 
transcripts coding for proteins expressed in the CNS [4,5,46], i.e., those coding for subunits of the 
glutamate receptor super-family GluR, the serotonin 5-hydroxytryptamine 2C (5-HT2C)-receptor, the 
potassium voltage-gated channel (Kv1.1), and the a3 subunit of the γ-aminobutyric acid (GABAA) 
receptor. These editing events have a major impact on protein properties.  
More recently, bio-computational studies and innovative sequencing techniques have demonstrated 
that A-to-I RNA editing mainly affects non-coding RNAs [6]. Importantly, the majority of editing 
events occur in introns and 5'–3' UTRs enriched with Alu repeat-mediated dsRNAs. Recently,  
a database collecting the identified (validated or not) editing RNAs has become available 
(http://darned.ucc.ie) [47].  
ADAR-mediated editing levels range from 2% to 100% [5,13,46], depending on cell and tissue  
type [48] as well as developmental stages [49]. How ADAR chooses the target adenosine is still not 
completely clear. ADARs show slight sequence preferences [50]. However, dsRNA length and 
structure seem to play an important role. For example, dsRNAs of 15–40 bp are edited selectively at 
very few sites, whereas those longer than 50 bp are extensively or non-selectively deaminated (with 
50%–60% of adenosines being edited) [51]. Similarly, selective deamination is also observed in 
dsRNAs with bulges, loops, and mismatches [52]. It has been suggested that ADAR substrate 
specificity may also depend on editor modulators (such as snoRNAs) [53] and on the different dsRBD 
number and spacing of ADAR proteins that allow discrimination between dsRNA structures and 
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stabilities. While the importance of site-specific editing (within coding sequence genes or microRNAs) 
has been explored and was found to affect the final protein or miRNA maturation/targeting, the role of 
the non-specific/promiscuous editing (within non-coding RNA portions such as introns and  
5'–3' UTRs) is still poorly understood. However, recent studies would point out their involvement in 
modulation of gene expression, which may occur by changing the splicing enhancers/silencers 
recognition sites [54–57], by perturbing/inducing the binding of RBPs for RNA nuclear localization/ 
retention [58] or inducing inosine-specific degradation (Tudor-SN nuclease) [59].  
4. miRNA World Machinery Overview  
miRNAs are short (~20–23 nucleotides) ssRNAs that regulate, at post-transcriptional level, several 
genes playing crucial roles in various cellular processes such as cell cycle, apoptosis, differentiation 
and, when deregulated, neoplastic transformation [60]. Mammalian miRNA genes (in cluster or as 
single unit) are located either in introns/exons of protein-coding genes, in non-coding genes, or in 
intra-genic regions of the genome [61–63] (Figure 2). Intronic/exonic miRNAs are often transcribed by 
the RNA polymerase (Pol) II and co-expressed with their host gene, while intergenic miRNAs are 
independently transcribed by either RNA Pol II or III [64,65]. Usually, miRNA promoters located in 
the inter-genic or non-coding regions of the genome are regulated by transcriptional or epigenetic 
factors like protein-coding genes [66]. 
Figure 2. Schematic diagram of the miRNA genes. (A) Monocistronic intergenic miRNA 
gene; (B) Monocistronic exonic/intronic miRNA gene. 
 
Each miRNA may regulate several mRNAs post-transcriptionally, while a single mRNA can be 
targeted by several miRNAs via base-pairing to the mRNA 3' UTRs [67,68].  
The conventional theory assumes that the “seed sequence” (~6–8 nucleotides in length) at miRNA 
5' end is crucial for target specificity and mediates its binding to 3' UTRs of target mRNAs, causing 
their translational repression or degradation [69]. However, recent studies suggest that miRNAs can 
exert their action over specific targets using alternative mechanisms, including the binding to specific 
proteins or to non-coding RNAs [70,71]. The biogenesis and processing of miRNAs occur in the 
nucleus/cytoplasm due to the action of multiple proteins. Some of these have a well-known role(s) in 
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miRNA processing, including Drosha, exportin 5, Argonaute (Ago), and Dicer, while others have 
partially been explored such as ADAR1 [72]. 
4.1. miRNA Biogenesis and Processing into the Nucleus  
The early step of miRNA biogenesis in the nucleus is the transcription of a miRNA precursor 
(Figure 3). Mature miRNAs are generated from long, hairpin-shaped primary transcripts (pri-miRNA) 
that are usually several thousand nucleotides long [66]. After transcription, pri-miRNAs undergo 
multiple steps of processing into the nucleus. Conventional nuclear processing of pri-miRNAs happen 
due to their cleavage by a large microprocessor complex (650 kDa in humans) consisting of the RNase 
III enzyme Drosha and the DiGeorge syndrome Critical Region gene 8 (DGCR8) protein [73,74]. 
Specifically, Drosha, a nuclear protein of 130–160 kDa, cuts the 5' and 3' ends of the pri-miRNA 
molecule with its RNase domain, giving a short hairpin of 60–70 nucleotides long (pre-miRNA) [66]. 
Although DGCR8-Drosha microprocessor is involved in the cropping of many miRNAs, Drosha may 
also form larger complexes with other proteins (e.g., RNA helicases, dsRNA binding proteins, 
heterogeneous nuclear ribonucleoproteins, etc.) to regulate the processing of specific pri-miRNAs [75]. 
A recent study provides evidence that certain mature miRNAs combined with Ago proteins may  
re-enter the nucleus and inhibit the pri-miRNA processing [76]. 
Figure 3. miRNA biogenesis and processing. Canonical biogenesis of pri-miRNA 
transcription is mediated by Pol II. Next, the microprocessor complex composed of Drosha 
and DGCR8 mediates the nuclear cleavage of pri-miRNA into pre-miRNA. The nuclear 
export of pre-miRNA is subsequently mediated by exportin-5/Ran-GTP61. Cytoplasmic 
pre-miRNA is processed by Dicer into a duplex microRNA. The next step is the unwinding 
of the duplex into a mature ~22 nucleotide miRNA and a miRNA* by the RISC complex. 
The mature miRNA is generally conveyed by the RISC on the targeted mRNA, whilst 
miRNA* can be degraded or alternatively perform a different targeting. 
 
Following the nuclear processing, pre-miRNAs are exported to the cytoplasm by an  
energy-dependent mechanism involving the exportin-5/Ran-GTP61 complex. Exportin-5 binds  
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pre-miRNA molecules and Ran-GTP61, which catalyses GTP hydrolysis and the consequent release of 
pre-miRNA short precursors into the cytoplasm. Interestingly, Exportin-5 also hampers pre-miRNA 
nuclear accumulation, protecting them from a potential nuclear digestion and retention [77,78]. In 
addition to the nuclear-to-cytoplasm pre-miRNA flux, the presence of functional mature miRNAs into 
the nucleus suggests a retrograde transport regulated by other carriers such as Importin 8 [79]. 
4.2. miRNA Processing into the Cytoplasm  
Once exported from the nucleus, the cytoplasmic pre-miRNA duplex is further processed by Dicer 
and other accessory proteins, including the transactivation response RNA binding protein (TRBP), the 
protein activator of the dsRNA-dependent protein kinase (PACT), and the Ago proteins (Figure 3). 
Together they form the RNA-induced silencing complex (RISC) [80–83]. 
For miRNAs displaying a high degree of complementarity along the hairpin stem, a preliminary 
Ago 2-dependent cleavage is required before Dicer action. This Ago 2 slicer activity generates  
a nicked hairpin, producing a precursor miRNA or ac-pre-miRNA that is further processed by  
Dicer [84]. Dicer typically cleaves pre-miRNA duplexes near the terminal loop, releasing a small RNA 
duplex of ~22 nucleotides [66].  
After Dicer-mediated cleavage, the small RNA duplex is loaded onto an Ago protein (Ago 1–4 in 
mammals) of the RISC to generate the microRNA containing ribonucleoprotein complex, i.e., miRNP 
or miRISC. Usually one single-strand (named guide) of the duplex (which is complementary to the 
target mRNA) is charged on Ago 2 as a mature miRNA, while the other strand of the duplex (named 
passenger or miRNA*) is usually degraded. miRNA guide (or in some cases miRNA* [85,86]) is 
selected to associate with Ago proteins by their thermodynamic stability [87]. There are at least two 
other hypotheses to explain duplex unwinding into guide and passenger strand. Dicer could cleave the 
miRNA*, releasing the miRNA guide that is subsequently captured by Ago 2. Alternatively, the 
miRNA* of a loaded duplex could be cleaved by the slicer activity of Ago 2, which simultaneously 
retains the miRNA guide. The activated RISC can bind the target mRNA, and direct its degradation, or 
repress its translation [88]. However, it has been reported that in some cases, miRNAs can also  
up-regulate the expression of their targets [85,89].  
5. ADAR-Dependent Effects on miRNA Pathway  
As ADARs can bind to and edit any dsRNA, the discovery that these enzymes are able to modify 
dsRNA substrates that enter the miRNA-mediated gene silencing and RNA interference (RNAi) 
pathways, i.e., miRNA and siRNA precursors [13], does not come as a surprise. It has been shown that 
mammalian pri-miRNAs undergo A-to-I RNA editing in adult brain [86,90–92]. Furthermore, NGS 
analysis has shown that ADARs can alter miRNA processing and sequence in C. elegans, mouse 
embryos, human and mouse brain [93–96]. Moreover, a more recent study showed that ADAR1 forms 
a complex with Dicer, promoting miRNA processing, RISC loading of miRNAs and silencing of target 
RNAs independently of its deaminase activity [72], as previously suggested [97]. 
In summary, several miRNA precursors (pri- and pre-miRs) undergo specific A-to-I RNA editing 
that may inhibit their maturation process and, thus, the production of mature miRNAs, affecting the 
loading of the edited miRNA to the RISC complex, or redirecting the edited miRNA to a new set of 
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target mRNAs (Figure 4). Considering that A-to-I editing can also occur within the 3' UTR regions of 
mRNAs, the picture of miRNA-ADAR interaction becomes even more complex, underlining the high 
level of regulation of the miRNA world.  
Figure 4. Editing-dependent effects of ADARs on miRNA pathway. miRNA precursors  
(pri- and pre-miRs) undergo specific A-to-I RNA editing that (i) may block their maturation 
process at either Drosha or Dicer step; (ii) may affect the loading of the edited miRNA to 
the RISC complex; (iii) may redirect the edited miRNA to a new set of target mRNAs.  
 
5.1. ADAR-Dependent Effects on Pri-miRs  
The first report of RNA editing events in a miRNA precursor dates back to almost ten years ago, 
when Maas and co-authors detected a low level (~5% in human brain) of A-to-I changes within the  
pri-miR-22 [86]. Using human cell lines (HEK293T), ectopically expressing ADAR1 or ADAR2, they 
found that pri-miR-22 is mainly edited by ADAR1, although the physiological role of this editing was 
not elucidated.  
A couple of years later, Yang et al. confirmed that ADARs can interact with pri-miRNAs using 
RNA editing assays and data from Adar1 and Adar2 null mice [98]. Four out of the eight  
analyzed miRNA precursors displayed A-to-I editing in vitro (i.e., pri-miR-142, -223, -1-1, -143), with  
pri-miR-142 harboring the highest editing levels. Both ADAR1S and ADAR2 are able to edit  
pri-miR-142 at 11 specific sites, nine of which lie within the mature miRNA sequence. Transfecting 
edited pri-miR-142 in HEK293 cells, the authors determined that editing at the +4 and +5 sites 
destroys the integrity of the stem-loop structure, inhibiting the maturation of the pri- to pre-miRs. The 
consequence is a reduced production of mature miR-142. Indeed, the levels of endogenous miR-142 
were lower in wild-type mouse spleens than those in Adar1 and Adar2 null mouse spleens. However, 
some editing sites (such as the one at site +40) seem not to affect pri-miR-142 processing.  
Editing-mediated inhibition of miRNA maturation at the pri-miR step does not cause accumulation of 
the edited pri-miR-142, as it may be degraded by Tudor-SN, a component of the RISC complex [99], 
known to mediate the degradation of inosine-containing dsRNAs (IU-dsRNAs) in vitro [59].  
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The discovery that edited pri-miRs can undergo rapid degradation by Tudor-SN suggests that the 
amount of edited pri-miRNAs into a cell could be higher than previously hypothesized. A recent study 
showed that ADAR1L (the ADAR1 nucleus/cytoplasmatic shuttling isoform) and Tudor-SN  
co-localize in the cytoplasm within stress granules (SGs) in HeLa cells under various stress  
conditions [100]. The authors speculated that ADAR1 may edit target dsRNAs in the cytoplasm and 
the resultant IU-dsRNA may recruit Tudor-SN to form SGs during cell stress responses. However, 
further experiments are needed to better define the role of ADAR1 in this context and the importance 
of the ADAR1-mediated SG formation. 
5.2. ADAR-Dependent Effects on Pre-miRs  
Editing can also influence Dicer cleavage, which is responsible for the processing of pre- into 
miRNAs. This has been first demonstrated for pri-miR-151 [101]. ADAR1-dependent editing at the -1 
and +3 site has been reported [90,101], which reduces the efficiency of the Dicer-TRBP activity  
and results in the production of unedited mature miR-151 [101]. Interestingly, editing of mouse  
pri-miR-151 is CNS-specific, although both ADAR1 and pri-miR-151 were found expressed in many 
non-brain tissues. 
5.3. ADAR-Dependent Effects on RISC-Loading 
Epstein-Barr virus (EBV) encodes 23 miRNAs that are implicated in the attenuation of host 
antiviral immune response and the transition from latent to lytic replication [102,103]. Among EBV 
miRNAs, four primary miRNAs were found to undergo site-specific A-to-I editing events [104]. The 
authors focused on pri-miR-BART6, which showed high editing levels at the +20 in EBV latently 
infected cell lines. This editing reduces the correct loading of miR-BART6-5p into the RISC complex. 
Remarkably, this is the first report of pri-miRNA A-to-I editing that suppresses RISC loading [104]. 
Editing of pri-miR-BART6 reduces the activity of mature miR-BART6, playing a crucial role in the 
regulation of EBV life cycle and cell immune response. 
Recently, new A-to-I editing events have been reported within another EBV miRNA, i.e.,  
pri-miR-BART3. Editing was found at four sites in EBV-infected epithelial carcinoma cells and  
in nasopharyngeal carcinoma samples, affecting both the biogenesis and targeting of mature  
miR-BART3 [105]. 
5.4. ADAR-Dependent Effects on Retargeting  
A specific ADAR-mediated A-to-I change has been reported in Kaposi’s sarcoma-associated 
herpesvirus (KSHV) transcripts [106,107]. This alteration modifies the seed sequence of the mature 
miR-K10, potentially affecting its target mRNAs [106,107]. ADAR1S heavily edits the K12 transcript 
in a specific site, as shown by in vitro editing assays [106]. Importantly, the authors observed that this 
editing event has a functional significance, playing a key role in the replication strategy of HHV-8 and 
in its tumorigenic potential. This was the first evidence that ADAR-mediated editing can also affect 
the target specificity of a mature miRNA. 
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Subsequently, Nishikura and colleagues demonstrated that edited mature miRNAs play a biological 
function in vivo [91]. The human pri-miR-376a1, previously showed to be edited [90], is situated in a 
cluster of 6 pri-miRNAs. The authors disclosed that five out of these six miRNAs are edited in human 
tissues (i.e., pri-miR-367a1, -367a2, -367b, -368, -B2). Several adenosines within the miR-376 cluster 
members undergo A-to-I editing, with two positions showing the highest editing levels (nearly 100% 
in certain tissues), i.e., the +4 site, which is preferentially edited by ADAR2, and the +44 site, which is 
selectively edited by ADAR1. These editing events do not affect the primary transcript maturation 
steps. However, both +4 and +44 sites lay within the seed sequences of miR-376a* and miR-376a 
respectively, suggesting that the edited miRNAs could have a different target mRNA profile. In 
particular, the authors demonstrated that a single ADAR2-mediated base change (at the +4 site) is able 
to modulate the expression of phosphoribosyl pyrophosphate synthetase 1 (PRPS1), a mouse protein 
involved in purine metabolism and uric acid synthesis [91].  
Notably, a recent work has elegantly demonstrated the existence of a tight link between miR-376a 
editing and human brain tumors [108]. Choudhury et al. found that RNA editing of miR-376 cluster is 
extremely reduced in human gliomas, with glioblastoma cells accumulating almost exclusively the 
unedited form of miR-376a*. The unedited miRNA promotes glioma cell migration and invasion, 
whilst the edited form inhibits these capacities in vitro. These effects are the consequence of a different 
mRNA target specificity of the edited and unedited form of the miRNA [108]. As ADAR2 is 
responsible for miR-376a* editing, these findings strengthen the notion that this enzyme plays a crucial 
role in glioma progression, as previously shown [45,109,110]. 
5.5. ADAR-Dependent Effects on Target 3' UTRs  
As most of the editing sites are also located in 3' UTRs of human mRNAs [111], an additional 
interplay between ADAR activity and miRNAs is possible. Computational screening showed that 
RNA editing tends to avoid miRNA binding sites, with less than 10% of editing events occurring in  
3' UTR regions recognised by miRNAs [111]. However, it was also found that editing can create new 
miRNA target sites [111].  
More recent analyses indicate that up to 20% of the editing sites in the 3' UTR of human mRNAs 
may alter miRNA target sites [112], making the mRNA resistant to miRNA activity. In addition, in 
mouse tissues, A-to-I changes seem to be highly frequent in 3' UTR regions, including miRNA target  
sites [113]. Wang et al. provided novel insights into the mechanism by which ADAR1 and its activity 
regulate miRNA-mediated modulation of target gene expression [114]. Indeed, multiple A-to-I RNA 
editing events (mediated by ADAR1) were found within the 3' UTR of ARHGAP26, encoding the Rho 
GTPase activating protein 26. Furthermore, the authors revealed that both miR-30b* and miR-573 are 
able to target ARHGAP26, but that editing make this transcript resistant to repression mediated by 
these two miRNAs. 
5.6. ADAR-Mediated Editing-Independent Effects on miRNAs  
In addition to A-to-I sequence changes on miRNAs, ADARs can also act through an  
editing-independent mechanism by binding dsRNAs [97]. Heale et al. found that ADAR1 and ADAR2 
editing activity can result in retargeting of human miR-376a2, as shown previously for mouse  
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miR-376 [91]. By performing in vitro pri-miRNA processing assays, they also pointed out that, even in 
the absence of editing, ADAR2 can inhibit the processing of pri-miR-376a2 at the Drosha cleavage 
step [97]. Therefore, the simple binding of ADAR proteins to dsRNAs may have a range of biological 
roles that are still to be fully discovered. 
6. Large-Scale Surveys  
Initial low-throughput experiments followed by NGS approaches have been performed by several 
groups, adding new insights on the role of ADARs in the miRNA pathway. 
One of the original systematic survey proposed that 6% of all human pri-miRNAs are edited [90]. 
The author determined that six out of 99 pri-miRNAs undergo editing (i.e., pri-miR-151, -197, -223,  
-376a, -379, -99a) in humans. The extent of editing ranged from ~10% to 70%, depending on sites and 
different tissues analyzed. Most of the editing events were located in the mature miRNA seed 
sequence, suggesting that RNA editing may contribute to increase miRNA diversity. This paper 
established that ADARs edit miRNAs but did not elucidate the functional consequences of these events. 
A couple of years later, a larger scale survey of 209 human pri-miRNAs showed that ~16% of them 
undergo A-to-I editing in human brain, with editing levels ranging from ~10% to 100% [92]. Then, for 
six randomly chosen edited pri-miRNAs (i.e., pri-let-7g, pri-miR-33, -133a2, -197, -203, -379) it was 
discovered that editing alters either the Drosha or the Dicer cleavage step. It is worth noting that the 
processing of two pri-miRNAs (i.e., pri-miR-197 and -203) was enhanced by editing. The authors also 
showed that some pri-miRs are preferentially edited by ADAR1 (i.e., pri-miR-99b, -151, -376b, -411,  
-423), while others by ADAR2 (i.e., pri-let-7g, pri-miR-27a, -99a, -203, -376a, -379) [92]. 
Recent advances in high-throughput small RNA sequencing (smRNA-Seq) have reshaped the 
miRNA research landscape, including RNA editing analysis. Using a novel strategy to avoid  
cross-mapping artefacts, de Hoon et al. found that editing prevalence in human mature miRNAs is 
extremely low in a human monocytic leukemia cell line (THP-1) [115]. Ten potential miRNA editing 
sites were found. However, eight of these were due to cross-mapping, one was due to a single 
nucleotide polymorphism, and the remaining editing site (in the mature miR-376c) was already 
identified [91]. Similar results were obtained by sequencing small RNAs from mouse brain [116].  
Recently, Vesely and co-workers analyzed the frequency and sequence composition of miRNA 
pools from transgenic Adar null mouse embryos by NGS [93]. Adar2 deficiency leads to a change in 
the expression level of specific target mRNAs when compared to wild-type embryos. In particular, the 
authors detected 10 edited miRNAs, four of which had been identified previously (i.e., mmu-miR-378, 
-376b, -381, -3099) and six were novel edited miRNAs (i.e., mmu-miR-1957, -467d*, -706, -1186,  
-3102-5p.2, -703). Some editing events were located in the seed region, opening the possibility that 
editing could lead to their retargeting. However, the biological consequences of the observed editing 
events are difficult to interpret, especially because of the low levels detected. 
Using NGS followed by bioinformatics analysis, Eisenberg and co-workers found a clear A-to-I 
signal in mature miRNAs of human brain [94]. Overall, 19 statistically significant modification sites 
(mainly due to ADAR2 activity) were detected in 18 different miRNAs, confirming previously 
detected editing sites as well as revealing several novel ones. Most of the detected A-to-G 
modifications were within the miRNA seed sequence, with editing significantly changing their binding 
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specificity. As previously reported, a relatively low editing level was found, with few exceptions 
(editing percentage ranging from 0.2% to 70%) [94]. 
7. Stimulative Role of ADAR1 
ADAR1 has been emerging as a promoter for small non-coding RNAs. Indeed, a recent study has 
highlighted the important role of ADAR1 in interacting with Dicer to form heterodimers [72]. Notably, 
the authors established that ADAR1 uses its second dsRBD to form ADAR1/Dicer heterodimers 
(acting as modulator of RNAi machinery) and its third dsRBD to form ADAR1/ADAR1 homodimers 
(acting as an RNA editing enzyme). The ADAR1/Dicer interaction increases the rate of processing 
from pre- to mature miRNAs, promotes the RISC loading and, consequently, the mRNA silencing 
efficacy [72]. It seems that neither dsRNA-binding nor deaminase activity of ADAR1 is required for 
these effects. As expected, the authors found that the miRNA expression is inhibited in Adar1 null 
mouse embryos, as a consequence of the lack of formation of the Dicer/ADAR1 complex with a final 
alteration of the target genes [72]. 
8. Conclusions  
A-to-I editing is believed to be an important way of generating protein diversity by codon alteration 
in mRNAs. However, editing sites in some coding targets make up only a tiny fraction of all editing 
events, most of which are actually located in non-coding sequences such as introns, UTRs or 
regulatory RNAs (miRNAs and their precursors). The biological function of editing in non-coding 
RNA sequences remains not completely disclosed. As far as miRNAs are concerned, the general 
feeling about A-to-I changes is that they regulate the levels of cellular dsRNAs, which, if not kept 
under control, are potent triggers of gene silencing and signaling pathway. Despite this, important 
questions still stand. At which extent and how diffuse is the RNA editing on mature miRNAs and their 
precursors? Is it a developmentally regulated or a tissue specific phenomenon? In principle, editing at 
any level of miRNA biogenesis may have a broad influence on expression patterns. Although the 
evidence is still limited, a critical examination of data reported in the literature does offer some 
examples of miRNA down-stream activity misregulation. One more question is whether there is any 
correlation between edited miRNAs and human diseases. While alterations in both substrate editing 
and ADAR expression/activity are often reported in different pathologies [4,5,117], the effects of 
edited miRNA pathways on disease onset/progression still deserves further investigation. In this 
context, it is worth noting that Choudhury et al. demonstrated that a single editing event in the  
miR-376a* seed sequence dramatically alters the selection of its target genes and redirects its function 
from inhibiting to promoting glioma cell invasion [108]. Overall, these pieces of information set the 
stage for further investigations, either to address the aforementioned questions and, possibly, to score 
against ADAR/miRNA editing-linked human diseases. 




This work was supported by the PRIN 2012NA9E9Y_004 and the IG grant of AIRC (Milan, Italy) 
and to A.G., my First AIRC Grant to A.A., and the special project 5 × 1000 AIRC to F.L. We thank 
Marion Huth for the English revision.  
Conflicts of Interest 
The authors declare no conflict of interest. 
References  
1. Lee, J.T. Epigenetic regulation by long noncoding RNAs. Science 2012, 338, 1435–1439. 
2. Baltimore, D. Our genome unveiled. Nature 2001, 409, 814–816. 
3. Gott, J.M.; Emeson, R.B. Functions and mechanisms of RNA editing. Annu. Rev. Genet. 2000, 
34, 499–531. 
4. Gallo, A.; Locatelli, F. ADARs: Allies or enemies? The importance of A-to-I RNA editing in 
human disease: From cancer to HIV-1. Biol. Rev. Camb. Philos. Soc. 2011, 87, 95–110. 
5. Keegan, L.P.; Gallo, A.; O’Connell, M.A. The many roles of an RNA editor. Nat. Rev. Genet. 
2001, 2, 869–878. 
6. Nishikura, K. Functions and regulation of RNA editing by ADAR deaminases. Annu. Rev. 
Biochem. 2010, 79, 321–349. 
7. Blow, M.; Futreal, P.A.; Wooster, R.; Stratton, M.R. A survey of RNA editing in human brain. 
Genome Res. 2004, 14, 2379–2387. 
8. Kim, D.D.; Kim, T.T.; Walsh, T.; Kobayashi, Y.; Matise, T.C.; Buyske, S.; Gabriel, A. 
Widespread RNA editing of embedded alu elements in the human transcriptome. Genome Res. 
2004, 14, 1719–1725. 
9. Levanon, E.Y.; Eisenberg, E.; Yelin, R.; Nemzer, S.; Hallegger, M.; Shemesh, R.; Fligelman, Z.Y.; 
Shoshan, A.; Pollock, S.R.; Sztybel, D.; et al. Systematic identification of abundant A-to-I 
editing sites in the human transcriptome. Nat. Biotechnol. 2004, 22, 1001–1005. 
10. Athanasiadis, A.; Rich, A.; Maas, S. Widespread A-to-I RNA editing of Alu-containing mRNAs 
in the human transcriptome. PLoS Biol. 2004, 2, 2144–2158. 
11. Morse, D.P.; Aruscavage, P.J.; Bass, B.L. RNA hairpins in noncoding regions of human brain 
and Caenorhabditis elegans mRNA are edited by adenosine deaminases that act on RNA.  
Proc. Natl. Acad. Sci. USA 2002, 99, 7906–7911. 
12. Maas, S.; Rich, A.; Nishikura, K. A-to-I RNA editing: Recent news and residual mysteries.  
J. Biol. Chem. 2003, 278, 1391–1394. 
13. Nishikura, K. Editor meets silencer: Crosstalk between RNA editing and RNA interference.  
Nat. Rev. Mol. Cell Biol. 2006, 7, 919–931. 
14. Macbeth, M.R.; Schubert, H.L.; Vandemark, A.P.; Lingam, A.T.; Hill, C.P.; Bass, B.L.  
Inositol hexakisphosphate is bound in the ADAR2 core and required for RNA editing. Science 
2005, 309, 1534–1539. 
Int. J. Mol. Sci. 2013, 14 22810 
 
 
15. Kuttan, A.; Bass, B.L. Mechanistic insights into editing-site specificity of ADARs. Proc. Natl. 
Acad. Sci. USA 2012, 109, E3295–E3304. 
16. Ryter, J.M.; Schultz, S.C. Molecular basis of double-stranded RNA-protein interactions: 
Structure of a dsRNA-binding domain complexed with dsRNA. EMBO J. 1998, 17, 7505–7513. 
17. Herbert, A.; Alfken, J.; Kim, Y.G.; Mian, I.S.; Nishikura, K.; Rich, A. A Z-DNA binding domain 
present in the human editing enzyme, double-stranded RNA adenosine deaminase.  
Proc. Natl. Acad. Sci. USA 1997, 94, 8421–8426. 
18. Brown, B.A., 2nd; Lowenhaupt, K.; Wilbert, C.M.; Hanlon, E.B.; Rich, A. The zalpha domain of 
the editing enzyme dsRNA adenosine deaminase binds left-handed Z-RNA as well as Z-DNA. 
Proc. Natl. Acad. Sci. USA 2000, 97, 13532–13536. 
19. Weier, H.U.; George, C.X.; Greulich, K.M.; Samuel, C.E. The interferon-inducible,  
double-stranded RNA-specific adenosine deaminase gene (DSRAD) maps to human chromosome 
1q21.1-21.2. Genomics 1995, 30, 372–375. 
20. Patterson, J.B.; Samuel, C.E. Expression and regulation by interferon of a double-stranded-RNA-
specific adenosine deaminase from human cells: Evidence for two forms of the deaminase.  
Mol. Cell. Biol. 1995, 15, 5376–5388. 
21. Patterson, J.B.; Thomis, D.C.; Hans, S.L.; Samuel, C.E. Mechanism of interferon action:  
Double-stranded RNA-specific adenosine deaminase from human cells is inducible by alpha and 
gamma interferons. Virology 1995, 210, 508–511. 
22. George, C.X.; Das, S.; Samuel, C.E. Organization of the mouse RNA-specific adenosine 
deaminase Adar1 gene 5'-region and demonstration of STAT1-independent, STAT2-dependent 
transcriptional activation by interferon. Virology 2008, 380, 338–343. 
23. Poulsen, H.; Nilsson, J.; Damgaard, C.K.; Egebjerg, J.; Kjems, J. CRM1 mediates the export of 
ADAR1 through a nuclear export signal within the Z-DNA binding domain. Mol. Cell. Biol. 
2001, 21, 7862–7871. 
24. Fritz, J.; Strehblow, A.; Taschner, A.; Schopoff, S.; Pasierbek, P.; Jantsch, M.F. RNA-regulated 
interaction of transportin-1 and exportin-5 with the double-stranded RNA-binding domain 
regulates nucleocytoplasmic shuttling of ADAR1. Mol. Cell. Biol. 2009, 29, 1487–1497. 
25. Desterro, J.M.; Keegan, L.P.; Jaffray, E.; Hay, R.T.; O’Connell, M.A.; Carmo-Fonseca, M. 
SUMO-1 modification alters ADAR1 editing activity. Mol. Biol. Cell 2005, 16, 5115–5126. 
26. Gallo, A.; Keegan, L.P.; Ring, G.M.; O’Connell, M.A. An ADAR that edits transcripts encoding 
ion channel subunits functions as a dimer. EMBO J. 2003, 22, 3421–3430. 
27. Valente, L.; Nishikura, K. RNA binding-independent dimerization of adenosine deaminases 
acting on RNA and dominant negative effects of nonfunctional subunits on dimer functions.  
J. Biol. Chem. 2007, 282, 16054–16061. 
28. Cho, D.S.; Yang, W.; Lee, J.T.; Shiekhattar, R.; Murray, J.M.; Nishikura, K. Requirement of 
dimerization for RNA editing activity of adenosine deaminases acting on RNA. J. Biol. Chem. 
2003, 278, 17093–17102. 
29. Chilibeck, K.A.; Wu, T.; Liang, C.; Schellenberg, M.J.; Gesner, E.M.; Lynch, J.M.;  
MacMillan, A.M. FRET analysis of in vivo dimerization by RNA-editing enzymes. J. Biol. Chem. 
2006, 281, 16530–16535. 
Int. J. Mol. Sci. 2013, 14 22811 
 
 
30. Nie, Y.; Ding, L.; Kao, P.N.; Braun, R.; Yang, J.H. ADAR1 interacts with NF90 through  
double-stranded RNA and regulates NF90-mediated gene expression independently of RNA 
editing. Mol. Cell. Biol. 2005, 25, 6956–6963. 
31. Clerzius, G.; Gelinas, J.F.; Daher, A.; Bonnet, M.; Meurs, E.F.; Gatignol, A. ADAR1 interacts 
with PKR during human immunodeficiency virus infection of lymphocytes and contributes to 
viral replication. J. Virol. 2009, 83, 10119–10128. 
32. Lei, M.; Liu, Y.; Samuel, C.E. Adenovirus VAI RNA antagonizes the RNA-editing activity of 
the ADAR adenosine deaminase. Virology 1998, 245, 188–196. 
33. Liu, Y.; Wolff, K.C.; Jacobs, B.L.; Samuel, C.E. Vaccinia virus E3L interferon resistance protein 
inhibits the interferon-induced adenosine deaminase A-to-I editing activity. Virology 2001, 289, 
378–387. 
34. Mittaz, L.; Scott, H.S.; Rossier, C.; Seeburg, P.H.; Higuchi, M.; Antonarakis, S.E. Cloning of a 
human RNA editing deaminase (ADARB1) of glutamate receptors that maps to chromosome 
21q22.3. Genomics 1997, 41, 210–217. 
35. Maas, S.; Gommans, W.M. Novel exon of mammalian ADAR2 extends open reading frame. 
PLoS One 2009, 4, e4225. 
36. Peng, P.L.; Zhong, X.; Tu, W.; Soundarapandian, M.M.; Molner, P.; Zhu, D.; Lau, L.; Liu, S.; 
Liu, F.; Lu, Y. ADAR2-dependent RNA editing of AMPA receptor subunit GluR2 determines 
vulnerability of neurons in forebrain ischemia. Neuron 2006, 49, 719–733. 
37. Yang, L.; Huang, P.; Li, F.; Zhao, L.; Zhang, Y.; Li, S.; Gan, Z.; Lin, A.; Li, W.; Liu, Y.  
c-Jun amino-terminal kinase-1 mediates glucose-responsive upregulation of the RNA editing 
enzyme ADAR2 in pancreatic beta-cells. PLoS One 2012, 7, e48611. 
38. Desterro, J.M.; Keegan, L.P.; Lafarga, M.; Berciano, M.T.; O’Connell, M.; Carmo-Fonseca, M. 
Dynamic association of RNA-editing enzymes with the nucleolus. J. Cell Sci. 2003, 116,  
1805–1818. 
39. Maas, S.; Gommans, W.M. Identification of a selective nuclear import signal in adenosine 
deaminases acting on RNA. Nucleic Acids Res. 2009, 37, 5822–5829. 
40. Jaikaran, D.C.; Collins, C.H.; MacMillan, A.M. Adenosine to inosine editing by ADAR2 
requires formation of a ternary complex on the GluR-B R/G site. J. Biol. Chem. 2002, 277, 
37624–37629. 
41. Poulsen, H.; Jorgensen, R.; Heding, A.; Nielsen, F.C.; Bonven, B.; Egebjerg, J. Dimerization of 
ADAR2 is mediated by the double-stranded RNA binding domain. RNA 2006, 12, 1350–1360. 
42. Mittaz, L.; Antonarakis, S.E.; Higuchi, M.; Scott, H.S. Localization of a novel human  
RNA-editing deaminase (hRED2 or ADARB2) to chromosome 10p15. Hum. Genet. 1997, 100,  
398–400. 
43. Chen, C.X.; Cho, D.S.; Wang, Q.; Lai, F.; Carter, K.C.; Nishikura, K. A third member of the 
RNA-specific adenosine deaminase gene family, ADAR3, contains both single- and double-stranded 
RNA binding domains. RNA 2000, 6, 755–767. 
44. Melcher, T.; Maas, S.; Herb, A.; Sprengel, R.; Higuchi, M.; Seeburg, P.H. RED2, a  
brain-specific member of the RNA-specific adenosine deaminase family. J. Biol. Chem. 1996, 
271, 31795–31798. 
Int. J. Mol. Sci. 2013, 14 22812 
 
 
45. Cenci, C.; Barzotti, R.; Galeano, F.; Corbelli, S.; Rota, R.; Massimi, L.; Di Rocco, C.;  
O’Connell, M.A.; Gallo, A. Down-regulation of RNA editing in pediatric astrocytomas: ADAR2 
editing activity inhibits cell migration and proliferation. J. Biol. Chem. 2008, 283, 7251–7160. 
46. Bass, B.L. RNA editing by adenosine deaminases that act on RNA. Annu. Rev. Biochem. 2002, 
71, 817–846. 
47. Kiran, A.; Baranov, P.V. DARNED: A DAtabase of RNa EDiting in humans. Bioinformatics 
2010, 26, 1772–1776. 
48. Galeano, F.; Leroy, A.; Rossetti, C.; Gromova, I.; Gautier, P.; Keegan, L.P.; Massimi, L.;  
Di Rocco, C.; O’Connell, M.A.; Gallo, A. Human BLCAP transcript: New editing events in 
normal and cancerous tissues. Int. J. Cancer 2010, 127, 127–137. 
49. Wahlstedt, H.; Daniel, C.; Enstero, M.; Ohman, M. Large-scale mRNA sequencing determines 
global regulation of RNA editing during brain development. Genome Res. 2009, 19, 978–986. 
50. Lehmann, K.A.; Bass, B.L. Double-stranded RNA adenosine deaminases ADAR1 and ADAR2 
have overlapping specificities. Biochemistry 2000, 39, 12875–12884. 
51. Nishikura, K.; Yoo, C.; Kim, U.; Murray, J.M.; Estes, P.A.; Cash, F.E.; Liebhaber, S.A.  
Substrate specificity of the dsRNA unwinding/modifying activity. EMBO J. 1991, 10, 3523–3532. 
52. Lehmann, K.A.; Bass, B.L. The importance of internal loops within RNA substrates of ADAR1. 
J. Mol. Biol. 1999, 291, 1–13. 
53. Vitali, P.; Basyuk, E.; Le Meur, E.; Bertrand, E.; Muscatelli, F.; Cavaille, J.; Huttenhofer, A. 
ADAR2-mediated editing of RNA substrates in the nucleolus is inhibited by C/D small nucleolar 
RNAs. J. Cell Biol. 2005, 169, 745–753. 
54. Lev-Maor, G.; Sorek, R.; Levanon, E.Y.; Paz, N.; Eisenberg, E.; Ast, G. RNA-editing-mediated 
exon evolution. Genome Biol. 2007, 8, R29. 
55. Lev-Maor, G.; Sorek, R.; Shomron, N.; Ast, G. The birth of an alternatively spliced exon:  
3' splice-site selection in Alu exons. Science 2003, 300, 1288–1291. 
56. Lev-Maor, G.; Ram, O.; Kim, E.; Sela, N.; Goren, A.; Levanon, E.Y.; Ast, G. Intronic Alus 
influence alternative splicing. PLoS Genet. 2008, 4, e1000204. 
57. Sakurai, M.; Yano, T.; Kawabata, H.; Ueda, H.; Suzuki, T. Inosine cyanoethylation identifies  
A-to-I RNA editing sites in the human transcriptome. Nat. Chem. Biol. 2010, 6, 733–740. 
58. Zhang, Z.; Carmichael, G.G. The fate of dsRNA in the nucleus: A p54(nrb)-containing complex 
mediates the nuclear retention of promiscuously A-to-I edited RNAs. Cell 2001, 106, 465–475. 
59. Scadden, A.D. The RISC subunit Tudor-SN binds to hyper-edited double-stranded RNA and 
promotes its cleavage. Nat. Struct. Mol. Biol. 2005, 12, 489–496. 
60. He, L.; He, X.; Lim, L.P.; de Stanchina, E.; Xuan, Z.; Liang, Y.; Xue, W.; Zender, L.;  
Magnus, J.; Ridzon, D.; et al. A microRNA component of the p53 tumour suppressor network. 
Nature 2007, 447, 1130–1134. 
61. Lagos-Quintana, M.; Rauhut, R.; Lendeckel, W.; Tuschl, T. Identification of novel genes coding 
for small expressed RNAs. Science 2001, 294, 853–858. 
62. Lau, N.C.; Lim, L.P.; Weinstein, E.G.; Bartel, D.P. An abundant class of tiny RNAs with 
probable regulatory roles in Caenorhabditis elegans. Science 2001, 294, 858–862. 
63. Lee, R.C.; Ambros, V. An extensive class of small RNAs in Caenorhabditis elegans. Science 
2001, 294, 862–864. 
Int. J. Mol. Sci. 2013, 14 22813 
 
 
64. Rodriguez, A.; Griffiths-Jones, S.; Ashurst, J.L.; Bradley, A. Identification of mammalian 
microRNA host genes and transcription units. Genome Res. 2004, 14, 1902–1910. 
65. Morlando, M.; Ballarino, M.; Gromak, N.; Pagano, F.; Bozzoni, I.; Proudfoot, N.J.  
Primary microRNA transcripts are processed co-transcriptionally. Nat. Struct. Mol. Biol. 2008, 15, 
902–909. 
66. Kim, V.N.; Han, J.; Siomi, M.C. Biogenesis of small RNAs in animals. Nat. Rev. Mol. Cell. Biol. 
2009, 10, 126–139. 
67. Lewis, B.P.; Burge, C.B.; Bartel, D.P. Conserved seed pairing, often flanked by adenosines, 
indicates that thousands of human genes are microRNA targets. Cell 2005, 120, 15–20. 
68. Filipowicz, W.; Bhattacharyya, S.N.; Sonenberg, N. Mechanisms of post-transcriptional 
regulation by microRNAs: Are the answers in sight? Nat. Rev. Genet. 2008, 9, 102–114. 
69. Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116,  
281–297. 
70. Chen, X.; Liang, H.; Zhang, C.Y.; Zen, K. miRNA regulates noncoding RNA: A noncanonical 
function model. Trends Biochem. Sci. 2011, 37, 457–459. 
71. Fabbri, M.; Paone, A.; Calore, F.; Galli, R.; Gaudio, E.; Santhanam, R.; Lovat, F.; Fadda, P.;  
Mao, C.; Nuovo, G.J.; et al. MicroRNAs bind to Toll-like receptors to induce prometastatic 
inflammatory response. Proc. Natl. Acad. Sci. USA 2012, 109, E2110–E2116. 
72. Ota, H.; Sakurai, M.; Gupta, R.; Valente, L.; Wulff, B.E.; Ariyoshi, K.; Iizasa, H.;  
Davuluri, R.V.; Nishikura, K. ADAR1 forms a complex with Dicer to promote microRNA 
processing and RNA-induced gene silencing. Cell 2013, 153, 575–589. 
73. Lee, Y.; Ahn, C.; Han, J.; Choi, H.; Kim, J.; Yim, J.; Lee, J.; Provost, P.; Radmark, O.; Kim, S.; 
Kim, V.N. The nuclear RNase III Drosha initiates microRNA processing. Nature 2003, 425, 415–419. 
74. Han, J.; Lee, Y.; Yeom, K.H.; Nam, J.W.; Heo, I.; Rhee, J.K.; Sohn, S.Y.; Cho, Y.; Zhang, B.T.; 
Kim, V.N. Molecular basis for the recognition of primary microRNAs by the Drosha-DGCR8 
complex. Cell 2006, 125, 887–901. 
75. Winter, J.; Jung, S.; Keller, S.; Gregory, R.I.; Diederichs, S. Many roads to maturity: MicroRNA 
biogenesis pathways and their regulation. Nat. Cell Biol. 2009, 11, 228–234. 
76. Tang, R.; Li, L.; Zhu, D.; Hou, D.; Cao, T.; Gu, H.; Zhang, J.; Chen, J.; Zhang, C.Y.; Zen, K. 
Mouse miRNA-709 directly regulates miRNA-15a/16-1 biogenesis at the posttranscriptional 
level in the nucleus: Evidence for a microRNA hierarchy system. Cell Res. 2012, 22, 504–515. 
77. Yi, R.; Qin, Y.; Macara, I.G.; Cullen, B.R. Exportin-5 mediates the nuclear export of  
pre-microRNAs and short hairpin RNAs. Genes Dev. 2003, 17, 3011–3016. 
78. Lund, E.; Guttinger, S.; Calado, A.; Dahlberg, J.E.; Kutay, U. Nuclear export of microRNA 
precursors. Science 2004, 303, 95–98. 
79. Weinmann, L.; Hock, J.; Ivacevic, T.; Ohrt, T.; Mutze, J.; Schwille, P.; Kremmer, E.; Benes, V.; 
Urlaub, H.; Meister, G. Importin 8 is a gene silencing factor that targets argonaute proteins to 
distinct mRNAs. Cell 2009, 136, 496–507. 
80. Gregory, R.I.; Chendrimada, T.P.; Cooch, N.; Shiekhattar, R. Human RISC couples microRNA 
biogenesis and posttranscriptional gene silencing. Cell 2005, 123, 631–640. 
Int. J. Mol. Sci. 2013, 14 22814 
 
 
81. Chendrimada, T.P.; Gregory, R.I.; Kumaraswamy, E.; Norman, J.; Cooch, N.; Nishikura, K.; 
Shiekhattar, R. TRBP recruits the Dicer complex to Ago2 for microRNA processing and gene 
silencing. Nature 2005, 436, 740–744. 
82. Lee, Y.; Hur, I.; Park, S.Y.; Kim, Y.K.; Suh, M.R.; Kim, V.N. The role of PACT in the RNA 
silencing pathway. EMBO J. 2006, 25, 522–532. 
83. MacRae, I.J.; Ma, E.; Zhou, M.; Robinson, C.V.; Doudna, J.A. In vitro reconstitution of the 
human RISC-loading complex. Proc. Natl. Acad. Sci. USA 2008, 105, 512–517. 
84. Diederichs, S.; Haber, D.A. Dual role for argonautes in microRNA processing and 
posttranscriptional regulation of microRNA expression. Cell 2007, 131, 1097–1108. 
85. Nilsen, T.W. Mechanisms of microRNA-mediated gene regulation in animal cells. Trends Genet. 
2007, 23, 243–249. 
86. Luciano, D.J.; Mirsky, H.; Vendetti, N.J.; Maas, S. RNA editing of a miRNA precursor. RNA 
2004, 10, 1174–1177. 
87. Takeda, A.; Iwasaki, S.; Watanabe, T.; Utsumi, M.; Watanabe, Y. The mechanism selecting the 
guide strand from small RNA duplexes is different among argonaute proteins. Plant Cell Physiol. 
2008, 49, 493–500. 
88. Valencia-Sanchez, M.A.; Liu, J.; Hannon, G.J.; Parker, R. Control of translation and mRNA 
degradation by miRNAs and siRNAs. Genes Dev. 2006, 20, 515–524. 
89. Carthew, R.W.; Sontheimer, E.J. Origins and Mechanisms of miRNAs and siRNAs. Cell 2009, 
136, 642–655. 
90. Blow, M.J.; Grocock, R.J.; van Dongen, S.; Enright, A.J.; Dicks, E.; Futreal, P.A.; Wooster, R.; 
Stratton, M.R. RNA editing of human microRNAs. Genome Biol. 2006, 7, R27. 
91. Kawahara, Y.; Zinshteyn, B.; Sethupathy, P.; Iizasa, H.; Hatzigeorgiou, A.G.; Nishikura, K. 
Redirection of silencing targets by adenosine-to-inosine editing of miRNAs. Science 2007, 315, 
1137–1140. 
92. Kawahara, Y.; Megraw, M.; Kreider, E.; Iizasa, H.; Valente, L.; Hatzigeorgiou, A.G.;  
Nishikura, K. Frequency and fate of microRNA editing in human brain. Nucleic Acids Res. 2008, 
36, 5270–5280. 
93. Vesely, C.; Tauber, S.; Sedlazeck, F.J.; von Haeseler, A.; Jantsch, M.F. Adenosine deaminases 
that act on RNA induce reproducible changes in abundance and sequence of embryonic miRNAs. 
Genome Res. 2012, 22, 1468–1476. 
94. Alon, S.; Mor, E.; Vigneault, F.; Church, G.M.; Locatelli, F.; Galeano, F.; Gallo, A.;  
Shomron, N.; Eisenberg, E. Systematic identification of edited microRNAs in the human brain. 
Genome Res. 2012, 22, 1533–1540. 
95. Warf, M.B.; Shepherd, B.A.; Johnson, W.E.; Bass, B.L. Effects of ADARs on small RNA 
processing pathways in C. elegans. Genome Res. 2012, 22, 1488–1498. 
96. Ekdahl, Y.; Farahani, H.S.; Behm, M.; Lagergren, J.; Ohman, M. A-to-I editing of microRNAs in 
the mammalian brain increases during development. Genome Res. 2012, 22, 1477–1487. 
97. Heale, B.S.; Keegan, L.P.; McGurk, L.; Michlewski, G.; Brindle, J.; Stanton, C.M.; Caceres, J.F.; 
O’Connell, M.A. Editing independent effects of ADARs on the miRNA/siRNA pathways. 
EMBO J. 2009, 28, 3145–3156. 
Int. J. Mol. Sci. 2013, 14 22815 
 
 
98. Yang, W.; Chendrimada, T.P.; Wang, Q.; Higuchi, M.; Seeburg, P.H.; Shiekhattar, R.; Nishikura, K. 
Modulation of microRNA processing and expression through RNA editing by ADAR 
deaminases. Nat. Struct. Mol. Biol. 2006, 13, 13–21. 
99. Caudy, A.A.; Ketting, R.F.; Hammond, S.M.; Denli, A.M.; Bathoorn, A.M.; Tops, B.B.;  
Silva, J.M.; Myers, M.M.; Hannon, G.J.; Plasterk, R.H. A micrococcal nuclease homologue in 
RNAi effector complexes. Nature 2003, 425, 411–414. 
100. Weissbach, R.; Scadden, A.D. Tudor-SN and ADAR1 are components of cytoplasmic stress 
granules. RNA 2012, 18, 462–471. 
101. Kawahara, Y.; Zinshteyn, B.; Chendrimada, T.P.; Shiekhattar, R.; Nishikura, K. RNA editing of 
the microRNA-151 precursor blocks cleavage by the Dicer-TRBP complex. EMBO Rep. 2007, 8, 
763–769. 
102. Cullen, B.R. Viral and cellular messenger RNA targets of viral microRNAs. Nature 2009, 457, 
421–425. 
103. Skalsky, R.L.; Cullen, B.R. Viruses, microRNAs, and host interactions. Annu. Rev. Microbiol. 
2010, 64, 123–141. 
104. Iizasa, H.; Wulff, B.E.; Alla, N.R.; Maragkakis, M.; Megraw, M.; Hatzigeorgiou, A.; Iwakiri, D.; 
Takada, K.; Wiedmer, A.; Showe, L.; Lieberman, P.; Nishikura, K. Editing of Epstein-Barr  
virus-encoded BART6 microRNAs controls their dicer targeting and consequently affects viral 
latency. J. Biol. Chem. 2010, 285, 33358–33370. 
105. Lei, T.; Yuen, K.S.; Tsao, S.W.; Chen, H.; Kok, K.H.; Jin, D.Y. Perturbation of biogenesis and 
targeting of Epstein-Barr virus-encoded miR-BART3 microRNA by A-to-I editing. J. Gen. Virol. 
2013, doi:10.1099/vir.0.056226-0. 
106. Gandy, S.Z.; Linnstaedt, S.D.; Muralidhar, S.; Cashman, K.A.; Rosenthal, L.J.; Casey, J.L.  
RNA editing of the human herpesvirus 8 kaposin transcript eliminates its transforming activity 
and is induced during lytic replication. J. Virol. 2007, 81, 13544–13551. 
107. Pfeffer, S.; Sewer, A.; Lagos-Quintana, M.; Sheridan, R.; Sander, C.; Grasser, F.A.; van Dyk, L.F.; 
Ho, C.K.; Shuman, S.; Chien, M.; et al. Identification of microRNAs of the herpesvirus family. 
Nat. Methods 2005, 2, 269–276. 
108. Choudhury, Y.; Tay, F.C.; Lam, D.H.; Sandanaraj, E.; Tang, C.; Ang, B.T.; Wang, S.  
Attenuated adenosine-to-inosine editing of microRNA-376a* promotes invasiveness of 
glioblastoma cells. J. Clin. Investig. 2012, 122, 4059–4076. 
109. Maas, S.; Patt, S.; Schrey, M.; Rich, A. Underediting of glutamate receptor GluR-B mRNA in 
malignant gliomas. Proc. Natl. Acad. Sci. USA 2001, 98, 14687–14692. 
110. Galeano, F.; Rossetti, C.; Tomaselli, S.; Cifaldi, L.; Lezzerini, M.; Pezzullo, M.; Boldrini, R.; 
Massimi, L.; Di Rocco, C.M.; Locatelli, F.; Gallo, A. ADAR2-editing activity inhibits 
glioblastoma growth through the modulation of the CDC14B/Skp2/p21/p27 axis. Oncogene 2012, 
32, 998–1009. 
111. Liang, H.; Landweber, L.F. Hypothesis: RNA editing of microRNA target sites in humans? RNA 
2007, 13, 463–467. 
112. Peng, Z.; Cheng, Y.; Tan, B.C.; Kang, L.; Tian, Z.; Zhu, Y.; Zhang, W.; Liang, Y.; Hu, X.;  
Tan, X.; et al. Comprehensive analysis of RNA-Seq data reveals extensive RNA editing in a 
human transcriptome. Nat. Biotechnol. 2012, 30, 253–260. 
Int. J. Mol. Sci. 2013, 14 22816 
 
 
113. Gu, T.; Buaas, F.W.; Simons, A.K.; Ackert-Bicknell, C.L.; Braun, R.E.; Hibbs, M.A.  
Canonical A-to-I and C-to-U RNA editing is enriched at 3'UTRs and microRNA target sites in 
multiple mouse tissues. PLoS One 2012, 7, e33720. 
114. Wang, Q.; Hui, H.; Guo, Z.; Zhang, W.; Hu, Y.; He, T.; Tai, Y.; Peng, P.; Wang, L.  
ADAR1 regulates ARHGAP26 gene expression through RNA editing by disrupting miR-30b-3p 
and miR-573 binding. RNA 2013, 19, 1525–1536. 
115. De Hoon, M.J.; Taft, R.J.; Hashimoto, T.; Kanamori-Katayama, M.; Kawaji, H.; Kawano, M.; 
Kishima, M.; Lassmann, T.; Faulkner, G.J.; Mattick, J.S.; et al. Cross-mapping and the identification 
of editing sites in mature microRNAs in high-throughput sequencing libraries. Genome Res. 
2010, 20, 257–264. 
116. Chiang, H.R.; Schoenfeld, L.W.; Ruby, J.G.; Auyeung, V.C.; Spies, N.; Baek, D.;  
Johnston, W.K.; Russ, C.; Luo, S.; Babiarz, J.E.; et al. Mammalian microRNAs: Experimental 
evaluation of novel and previously annotated genes. Genes Dev. 2010, 24, 992–1009. 
117. Galeano, F.; Tomaselli, S.; Locatelli, F.; Gallo, A. A-to-I RNA editing: The “ADAR” side of 
human cancer. Semin. Cell Dev. Biol. 2012, 23, 244–250. 
© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 
